L eft ventricular noncompaction (LVNC) is characterized by prominent myocardial trabeculations in a thick noncompacted layer adjacent to a thin compacted layer. LVNC has historically been thought to result from arrest of normal ventricular compaction of the myocardium that takes place during cardiogenesis. 1 More recent data suggest additional pathogenic bases, including acquired forms of LVNC. 2 LVNC has been reported in association with heart failure, arrhythmias, and embolic events and can present in isolation (iLVNC) or in combination with other types of cardiomyopathy (LVNC/cardiomyopathy) or cardiovascular malformation (LVNC/CVM). [3] [4] [5] LVNC is recognized as a distinct form of cardiomyopathy by the American Heart Association but is not classified as such by the World Health Organization or the European Society of Cardiology. 4 A growing body of evidence describing the extreme variability of the LVNC morphological spectrum has suggested that LVNC may be an anatomic variant of left ventricular (LV) structure rather than a disease in and of itself. 2, 6 In addition to the ongoing debate about what constitutes the LVNC phenotype, there remains uncertainty about a genetic contribution. Previous studies have identified variants in sarcomeric genes in 29% to 41% of primarily adult cohorts with LVNC. [7] [8] [9] [10] These studies, however, used various definitions for iLVNC, and many did not account for the co-occurrence of hypertrophic or dilated cardiomyopathy (DCM). Furthermore, these studies were in cohorts that were primarily adults, and the clinical genetic testing yield for children with LVNC remains uncertain. LVNC is also a known feature of several genetic syndromes, including Barth syndrome and chromosome 1p36 deletion syndrome, but the prevalence of familial, metabolic, and syndromic causes of LVNC in children and youth is largely unknown. 11, 12 The hypothesis of this study was that genetic testing yield would be lower among individuals with iLVNC compared with those with LVNC/cardiomyopathy. The objectives of this study were to characterize a pediatric population with LVNC, determine the yield of cardiomyopathy gene panel testing, distinguish the yield of testing by associated cardiac features (LVNC subtype), and define additional factors influencing genetic testing yield. Genetic Testing in Pediatric LVNC Cincinnati Children's Hospital Medical Center Institutional Review Board. Only those patients aged ≤21 years with a diagnosis of LVNC based on echocardiographic criteria, and confirmed by review of the cardiology clinic assessment, were included. Individuals with the following LVNC subtypes were included: (1) iLVNC; (2) co-occurring with hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy, or DCM; or (3) co-occurring with CVM. Individuals with cardiomyopathy secondary to chemotherapy, myocarditis, or environmental toxins were excluded. Study data were collected and managed using REDCap research electronic data capture tools hosted at Cincinnati Children's Hospital Medical Center. 13 Because there continues to be a lack of consensus about the diagnostic criteria of LVNC and concern about both the specificity and sensitivity of various approaches, we classified cases for analysis into 2 groups: stringent or standard imaging criteria. Both groups met published diagnostic criteria for LVNC at the time of the study. Stringent imaging criteria was defined as a 2 layered structure with a thin compact layer and a thick noncompact layer where the noncompact to compact ratio is >2:1 at end systole in the parasternal short axis, numerous deep trabeculations with blood are demonstrated in the recesses by color Doppler, and >3 trabeculations are visible in a single plane. 14, 15 Standard imaging criteria for LVNC was defined as any 2 of these 3 criteria. For all eligible subjects with a diagnosis of LVNC, the most recent internal echocardiographic images were reviewed by an echocardiographer. Older images were reviewed as needed for complete assessment. Figure 1 provides representative echocardiographic images for stringent and standard imaging criteria for LVNC.
The cohort was analyzed as a whole and stratified into 3 groups for analysis. LVNC subtype groups included (1) iLVNC, (2) LVNC/ cardiomyopathy, and (3) LVNC/CVM. Individuals with iLVNC met the echocardiographic criteria outlined above and did not have LV dilation or hypertrophy diagnostic of a cardiomyopathy phenotype, such as DCM or HCM. Individuals with iLVNC could have had unexplained systolic dysfunction. All individuals with CVM were included in the LVNC/CVM group, including those with a co-occurring cardiomyopathy. Individuals with CVM were grouped separately based on the most widely cited diagnostic criteria for LVNC, which requires the absence of coexisting cardiac anomalies. 15 CVM was classified using a modified version of the National Birth Defects Prevention Study classification scheme. 16, 17 All patients underwent clinical cardiac and genetics evaluation. Evaluation included at least 1 visit with a clinical geneticist or genetic counselor. Demographic and clinical data, including presenting symptoms, medical history, cardiac testing (echocardiogram, ECG, Holter monitor, exercise test, and cardiac magnetic resonance imaging), family history, and referral indication, were collected. Individuals were considered to have myocardial dysfunction, specifically LV systolic dysfunction, if the ejection fraction z score was ≤−2 by echocardiography.
Genetic testing was ordered as clinically indicated and became increasingly comprehensive during the duration of the study. Gene panel testing was requested from 1 of 4 clinical testing laboratories and included HCM, DCM, and DCM/LVNC gene panels ranging in size from 11 to 38 genes. 18 The yield of genetic testing was defined as the proportion of subjects who had positive genetic testing compared with the number of subjects who completed genetic testing. (A and D) , an individual meeting standard imaging criteria for LVNC (B and E), and an individual meeting stringent imaging criteria for LVNC (C and F), as shown in the apical 4-chamber (A through C) and parasternal short-axis (D through F) views. The myocardium is excessively trabeculated with a thin compact layer in stringent cases, whereas the dimension of the noncompact layer and the degree of thinning of the compact layer varies in standard cases. In the example shown here, the standard case did not satisfy the ratio criteria (both the standard and stringent examples demonstrated blood flow between trabeculations by color Doppler, data not shown).
Subjects were assigned a pathogenic category, including familial, syndromic, or idiopathic using categories set forth by the Pediatric Cardiomyopathy Registry. 19 The familial classification applies to affected probands with documented cardiomyopathy (iLVNC, LVNC/ cardiomyopathy, HCM, DCM, or restrictive cardiomyopathy) in a first-degree relative at the time of genetic testing. The syndromic group includes individuals with metabolic disease (inborn errors of metabolism or mitochondrial disease) or clinical criteria and dysmorphology for well-characterized genetic syndromes or patients with genetic testing identifying a syndromic cause. Individuals not meeting any of the above criteria were considered idiopathic. Family history data, including family history of sudden cardiac death, CVM, and cardiomyopathy, was also collected.
Statistical Analysis
Data analysis began by computing descriptive statistics for all relevant variables in the data set. Because of the exploratory nature of the study, all models specified here were tested at the unadjusted α=0.05 level. Data were analyzed using SAS v9.3.
We hypothesized that the LVNC imaging criteria of stringent or standard would be related to 5 specific cardiac disease characteristics. These characteristics were individually tested using contingency table analyses. Because of cell count variations, 3 characteristics (LVNC subphenotype, family history of cardiomyopathy, and myocardial dysfunction) were tested using traditional χ 2 methods, and 2 characteristics (cardiomyopathy known variant testing results and etiology) were tested using Fisher Exact Tests.
Our primary hypothesis, that gene variant status could be predicted from selected cardiac disease characteristics for children and youth with LVNC, was tested using Fisher Exact Tests. The outcome of interest was presence or absence of a positive cardiomyopathy gene panel test result, among those who had gene panel testing. The 6 characteristics tested included LVNC subtype, electrophysiology phenotype, etiology, family history of sudden death, LVNC imaging features (stringent or standard), and myocardial dysfunction.
Results
Retrospective chart review identified 151 individuals with a diagnosis of LVNC at age ≤21 years. Echocardiographic images and reports confirming a diagnosis of LVNC were not available for review and did not meet LVNC criteria for 23 individuals, and these individuals were excluded from further analysis. In total, 128 individuals (70 men, 58 women) from 120 different families (8 sets of siblings) comprised the final cohort. Table 1 summarizes the clinical characteristics. The population was primarily white (72%) or black (26%) and non-Hispanic (98%). The cardiac diagnoses included 61 (48%) iLVNC, 42 (33%) LVNC/cardiomyopathy, and 25 (20%) LVNC/CVM. Within the LVNC/CVM group, 10 individuals also had a co-occurring cardiomyopathy. The vast majority of patients had an idiopathic (59%) or familial (32%) etiology, whereas 9% had a syndromic or metabolic diagnosis. Ninety-four patients (73%) were diagnosed as having LVNC before age of 13 years. Individuals with iLVNC presented at older ages (77% presenting between ages 6 and 21) compared with individuals with LVNC/cardiomyopathy or LVNC/CVM (29% and 24%, respectively, presenting after the age of 6 years). Overall, 23% of the entire cohort and 30% of those with iLVNC presented for echocardiography secondary to a family history of sudden cardiac death, HCM, DCM, or LVNC. Clinical symptoms and examination findings prompted cardiac imaging in 54% of the individuals with iLVNC. Many individuals had >1 indication prompting referral for echocardiography. Symptoms included sudden cardiac arrest, syncope, chest pain, shortness of breath, and failure to thrive; physical examination findings included auscultation of a murmur and identification of an abnormal heart rhythm, including irregular heart beat and bradycardia. Ten individuals with iLVNC had cardiac imaging for other various indications, including follow-up of abnormal routine prenatal ultrasound, abnormal ECG screening before starting stimulant medication, systemic hypertension, genetic condition known to be associated with risk for cardiomyopathy, and prematurity.
LVNC Diagnosis
Review of imaging identified that 57% of subjects met stringent imaging criteria for diagnosis of LVNC, whereas 43% fulfilled standard criteria. Genetic testing results (positive versus variant of uncertain significance/negative), cardiac subtype (iLVNC, LVNC/cardiomyopathy, and LVNC/CVM), etiology (familial, idiopathic, syndromic, and metabolic), family history of cardiomyopathy, and myocardial dysfunction were compared between groups (Table 2 ). These analyses demonstrated that the clinical features analyzed do not vary with the stringency of applied imaging criteria.
Genetic Testing and Results
Genetic testing for the cohort is summarized in Figure 2 . Subjects were categorized as having syndromic, metabolic, familial, or idiopathic disease on their initial evaluation. An underlying genetic condition described previously in association with LVNC was identified in 9% of individuals. All 12 of these individuals had ≥1 genetic test, including but not limited to chromosome microarray, Noonan panel, and mitochondrial DNA sequencing (Figure 2 ). Based on this testing, 4 individuals were diagnosed with mitochondrial disease and 3 had a chromosome abnormality, including 1 individual with 1p36 deletion syndrome. Five individuals had a genetic syndrome, including Barth syndrome, malonic acidemia, and Noonan syndrome (Table II in the Data Supplement). Of the 116 subjects with an idiopathic or familial etiology, 65 (56%) underwent cardiomyopathy gene panel testing, and an additional 10 (9%) had known familial variant testing. Overall, 17% (13/75) of individuals had a positive cardiomyopathy genetic testing result, and 33% (25/75) had a variant of uncertain significance. Likely-pathogenic and pathogenic variants were identified in genes reported previously in association with LVNC, including MYH7, MYBPC3, TPM1, and TNNT2. The specific genetic variants identified in the 13 patients with positive gene panel and known variant testing are summarized in Table 3 . Of note, 3 individuals with iLVNC had positive known variant testing, all of whom had a family history of cardiomyopathy.
The yield of cardiomyopathy gene panel results is summarized in Table 4 . The overall yield of gene panel testing was 9% with the highest rate among the LVNC/CVM group (30%), followed by the LVNC/cardiomyopathy group (12%). None of the individuals with iLVNC had a likely-pathogenic Genetic Testing in Pediatric LVNC or pathogenic variant identified by gene panel testing. Of the 6 likely-pathogenic and pathogenic variants identified, 5 were absent from the Exome Aggregation Consortium, and the MYH7 variant, p.Arg904Cys (c.2710C>T), was identified in 1 individual resulting in a minor allele frequency of 8.238e-06. 20 Of the 10 individuals with LVNC/CVM who had gene panel testing, 7 had a co-occurring cardiomyopathy. All 3 of the individuals who tested positive from this group had a cooccurring cardiomyopathy, specifically HCM.
Because we grouped individuals with both CVM and cardiomyopathy in the LVNC/CVM group, we also calculated the yield of cardiomyopathy gene panel testing regardless of CVM status. The yield of testing with co-occurring cardiomyopathy (LVNC/cardiomyopathy [n=25] and LVNC/CVM with co-occurring cardiomyopathy [n=7]) was 19%.
Of the 41 individuals who did not have cardiomyopathy gene panel testing, 1 had primary arrhythmia testing and was found to have a RYR2 exon 3 deletion. 21 The remaining 40 subjects did not have any cardiomyopathy gene testing. Genetic testing was not recommended for 23 (58%) individuals, including 13 (57%) with iLVNC, 3 (13%) with LVNC/cardiomyopathy, and 7 (30%) with LVNC/CVM; 13 (33%) had gene panel testing completed in a relative; 4 (10%) declined genetic testing or were lost to follow-up. Of the 13 who had 
Discussion
The Heart Rhythm Society and European Heart Rhythm Association guideline on genetic testing for the cardiomyopathies state that genetic testing for LVNC can be useful-a class IIa recommendation-however, specific guidelines for the occurrence of LVNC in isolation or with cardiomyopathy do not exist. 22 Although data have suggested a genetic association for LVNC, most of the studies investigating genetic testing yield were in the adult population and did not clearly account for the co-occurrence of LVNC with cardiomyopathy or CVM. 7, 9 To our knowledge, the current study represents the largest cohort of pediatric aged individuals with LVNC for whom genetic testing and yield is reported.
In this study, none of the individuals with iLVNC had a positive cardiomyopathy gene panel result. This is in contrast to previous reports (41% and 29%, respectively). 7, 9 Hoedemakers et al reported on the yield of cardiomyopathy gene sequencing (16 sarcomeric and cytoskeletal genes) in 58 unrelated individuals, including 8 children, with iLVNC. Of the probands who completed genetic testing, 41% were found to have a variant interpreted to be pathogenic 9 . Although 24 individuals in this study had a diagnosis of heart failure, the pathogenic basis of the heart failure was not provided, suggesting that for some cases of LVNC, an associated cardiomyopathy may not have been specified. A second study published in 2011 identified a pathogenic variant in 1 of 8 sarcomeric genes (MYH7, ACTC1, TNNT2, TNNI3, MYL2, MYL3, TPM1, and MYBPC3) in 29% (18/63) of adult patients with a diagnosis of LVNC. 7 The reasons for the discrepancy in yield between this study and these 2 prior studies may be the co-occurrence of LVNC with cardiomyopathy. Although Probst et al defined the cohort as isolated, the average ejection fraction among both mutationpositive and mutation-negative individuals was 38%, and the average LV diameter was 60 mm, which would be considered mild to moderately enlarged depending on sex. A difference in the genes included on various panels is a consideration; however, all of the genes in which variants were identified in this pediatric cohort were sequenced by Hoedemakers et al. Variant interpretation remains a challenge with not uncommon discrepancy between testing laboratories, and it is likely that some variants interpreted previously as pathogenic would no longer be considered clinically significant based on current criteria. 18 The differences in yield between studies may also be because of inherent limitations in assigning a clinical diagnoses of LVNC and further support the need for improved diagnostic approaches, which incorporate clinical findings beyond imaging characterization of LV trabeculation.
Prior efforts to characterize the degree of LV trabeculation in healthy individuals have shown that varying degrees of LV trabeculation are common among control populations. 23, 24 All patients in our study who met imaging criteria for LVNC, however, were further subdivided based on fulfillment of stringent or standard imaging criteria in an attempt to refine the threshold for a clinical diagnosis of LVNC. The LVNC imaging findings were not a predictor of genetic testing yield, and the 2 groups did not differ across additional clinical variables. These findings suggest that the degree of LV trabeculation (once diagnostic criteria for LVNC are met) is not a predictor of genetic testing yield. These findings are in agreement with cardiac magnetic resonance studies in LVNC, which have shown that the degree of LV trabeculation lacks prognostic impact beyond more commonly known risk factors, such as LV dilation and systolic dysfunction. 6 Up to 12% of individuals with LVNC are reported to have an additional, structural cardiac defect. 3, 25 There is some suggestion that individuals with CVM co-occurring with LVNC have poor postsurgical outcomes compared with individuals with CVM alone. 26 The co-occurrence of LVNC with other cardiomyopathy phenotypes has also been reported. The Pediatric Cardiomyopathy Registry described 155 pediatric 27 In our single-site study of a pediatric cohort, 48% had iLVNC, 33% had LVNC/cardiomyopathy, and 20% had LVNC/CVM. Isolated LVNC was more prevalent in our cohort than reported previously. The distribution of subtypes was similar among the groups meeting stringent and standard imaging criteria for LVNC.
Our study limitations include those inherent to the challenges associated with the clinical diagnosis of LVNC and interpretation of gene variants. We tried to reduce potential for false-positives by echocardiographer systematic evaluation of images for LVNC criteria and confirmation of LVNC diagnosis. In addition, all individuals considered for inclusion were previously given a clinical diagnosis of LVNC by a pediatric cardiologist with heart failure expertise. Variant interpretation not uncommonly differs between clinical testing laboratories even when using current variant classification criteria. 18, 28 All genetic variants identified previously in this cohort were reviewed by a clinical testing laboratory and interpreted based on current published guidelines and available data. 18 Despite these efforts, it is possible that some of the variants may be reclassified as additional data become available. In addition, all individuals with CVM were included in the LVNC/CVM group, including those with co-occurring cardiomyopathy. Thus, these data cannot adequately address the yield of cardiomyopathy gene panel testing in patients with LVNC and CVM without co-occurring cardiomyopathy. The genetic testing results in this study may reflect a lower limit of diagnostic yield because gene panels continue to expand (Table I in the Data Supplement). In addition, individuals did not have sequencing of genes encoding for proteins involved with other cardiac development processes. Mouse models have demonstrated the importance of the Notch signaling pathway in cardiac ventricular maturation, including trabeculation and compaction. 29, 30 MIB1 encodes a protein that functions as an E3 ubiquitin ligase and positively regulates Notch signaling. Two families with LVNC have been found to have variants in MIB1 that segregate with the phenotype in the family, suggesting a potential role of genes described previously in cardiovascular development and CVM with LVNC. 31 Further investigation of genes important for cardiac development, cell cycle, and proliferation may provide insight into the genetics of LVNC.
Conclusion
In this pediatric cohort with LVNC, the majority of individuals had an idiopathic etiology at the time of presentation, but 32% had familial disease and 9% had an underlying metabolic or syndromic genetic condition confirming the importance of a broad differential diagnosis, particularly in individuals diagnosed at young ages or with additional medical history suggestive of a unifying diagnosis. The only predictor of cardiomyopathy gene panel yield was the co-occurrence of LVNC with cardiomyopathy. None of the individuals with iLVNC had a positive gene panel result, whereas 12% of individuals with LVNC co-occurring with cardiomyopathy did. Two individuals with iLVNC had positive known variant testing, and both had a family history of cardiomyopathy. The absence of positive cardiomyopathy gene panel results in iLVNC suggests that LVNC may represent a benign anatomic variant in the absence of other cardiovascular disease findings. Our data suggest strong consideration of genetic testing for individuals with cardiomyopathy and co-occurring LVNC and for individuals with iLVNC and a family history of cardiomyopathy.
